I present a mini-review on the physics of heavy flavour baryons where I concentrate on the HQET description of their exclusive decay modes. In particular I discuss the structure of current-induced bottom baryon to charm baryon transitions, and the structure of pion and photon transitions between heavy charm or bottom baryons in the Heavy Quark Symmetry limit as m Q → ∞. The emphasis is on the structural similarity of the Heavy Quark Symmetry predictions for the three types of transitions. The requisite coupling expressions are discussed both in the covariant framework as well as in terms of ClebschGordan coefficients and 6-j symbols. At the end of my review I touch on some unresolved issues in exclusive nonleptonic charm and bottom baryon decays which serve to highlight our present lack of understanding of nonleptonic heavy baryon decays.
Introductory Remarks
Because of the initial abundance of data on heavy charm and bottom mesons the attention of experimentalists and theoreticians had initially been drawn towards applications of the Heavy Quark Effective Theory (HQET) to the meson sector. In the meantime the situation has considerably changed and data on heavy baryons and their decay properties are starting to become available in impressive amounts. In the charm sector the states be the prime objective of all of these projects but heavy baryons will certainly be seen at these facilities if only as welcome by-products.
Let us try and gain a historical perspective on how heavy baryon production (and symmetry. Secs. 6 and 7 contain a brief discussion of some multifarious aspects of exclusive nonleptonic heavy baryon decays.
Heavy Baryon Spin Wave Functions
Let us begin by constructing the heavy baryon spin wave functions that enter into the description of heavy baryon decays. A heavy baryon is made up of a light diquark system (qq) and a heavy quark Q. The light diquark system has bosonic quantum numbers j P with total angular momentum j = 0, 1, 2 . . . and parity P = ±1. To each diquark system with spin-parity j P there is a degenerate heavy baryon doublet with
is an exception). It is important to realize that the HQS structure of the heavy baryon states is entirely determined by the spin-parity j P of the light diquark system. The requisite angular momentum coupling factors can be read off from the coupling scheme
Apart from the angular momentum coupling factors the dynamics of the light system is completely decoupled from the heavy quark.
Let us cast these statements into a covariant framework in which the heavy baryon wave function Ψ describes the amplitude of finding the light diquark system and the heavy quark in the heavy baryon. The covariant equivalent of the coupling scheme Eq. (1) is then given by
where φ µ 1 ···µ j stands for the tensor representation of the spin-parity j P diquark state and ψ µ 1 ···µ j represents the heavy-side baryon spin wave function (in short: heavy baryon wave function) coupling the heavy quark to the heavy baryon. Let us be more specific. If
defines the light diquark-heavy quark rest-frame wave function, the C.G. coefficients determining the heavy quark -light diquark content of the heavy baryon can be obtained in covariant fashion from the heavy baryon spin wave function by the covariant projection
The r.h.s. of Eq. (4) can be evaluated for any velocity four-vector v µ of the heavy baryon which, at leading order, equals the velocity of the heavy quark and the diquark system.
Details including questions of normalization can be found in [1] . Differing from [1] I have normalized the spinors appearing in Eq. (4) to 1 and not to 2M and 2M Q as in [1] . It is not difficult to construct the appropiate heavy baryon spin wave functions using the heavy quark on-shell constraint v / ψ µ 1 ···µ j = ψ µ 1 ···µ j and the appropiate normalization condition.
In Table 1 (fourth column) I have listed a set of correctly normalized heavy baryon spin wave functions that are associated with the diquark states j
Next I turn my attention to the question of which low-lying heavy baryon states can be expected to exist. From our experience with light baryons and light mesons we know that one can get a reasonable description of the light particle spectrum in the constituent quark model picture. This is particularly true for the enumeration of states, their spins and their parities. As much as we know up to now, gluon degrees of freedom do not seem to contribute to the particle spectrum. It is thus quite natural to try the same constituent approach to enumerate the light diquark states, their spins and their parities.
From the spin degrees of freedom of the two light quarks one obtains a spin 0 and a spin 1 state. The total orbital state of the diquark system is characterized by two angular degrees of freedom which I take to be the two independent relative momenta k = there is no velocity change in the pion and photon transitions. The heavy-side transitions are completely specified whereas the light-side transitions j
2 + π and j
2 + γ are described by a number of form factors or coupling factors which parametrize the light-side transitions. The pion and the photon couple only to the light side. In the case of the pion this is due to its flavour content. In the case of the photon the coupling of the photon to the heavy side involves a spin flip which is down by 1/m Q and thus the photon couples only to the light side in the Heavy Quark Symmetry limit. 
photon transitions:ψ
where the ψ µ 1 ···µ j are the heavy baryon spin wave functions introduced in Sec. In each of the above cases we have also given the result of counting the number N of independent form factors or coupling factors. These are easy to count by using either helicity amplitude counting or LS partial wave amplitude counting. In the case of current and pion transitions the counting involves the normalities of the light-side diquarks which is defined by n = (−1) j P .
The tensors t i ν 1 ···ν j 2 ;µ 1 ···µ j 1 appearing in Eq. (5) have to be build from the vectors
2 , the metric tensor g µ i µ k , the pion or the photon momentum and, depending on parity, from Levi-Civita objects such as ε(
The number of independent tensors that can be written down in each of the three cases is necessarily identical to the numbers listed in Eqs. (5), (6) and (7). Lack of space prevents us from giving the explicit forms of these tensors. They can be found in [1] .
The generic expressions Eq. (5), Eq. (6) and Eq. (7) completely determine the HQS structure of the current, pion and photon transition amplitudes. It is not difficult to work out relations between rates, angular decay distributions etc. from these expressions.
6 − j Symbols in Heavy Baryon Transitions
It is well worth mentioning that all three covariant coupling expressions in Sec.3 (current,pion,photon) can also be written down in terms of Wigner's 6-j symbol calculus [1, 2] as can be appreciated from the discussion in Sec. 2 (see Eqs. (2) and (3)). For example, looking at the pion transition in Fig. 1 one sees that one has to perform altogether three angular couplings. They are
where L π = l π is the orbital momentum of the pion and J 1 P 1 and J 2 P 2 denote the J P quantum numbers of the initial and final baryons. This is a coupling problem wellknown from atomic and nuclear physics and the problem is solved by Wigner's 6-j symbol calculus. One finds [1,2]
= M Lπ (−1)
where the expression in curly brackets is Wigner's 6-j symbol and
is the Clebsch-Gordan coefficient coupling L π and J 2 to J 1 . M Lπ is the reduced amplitude of the one-pion transition. It is proportional to the invariant coupling f lπ occurring in the covariant expansion in Eq. (6).
Let us, for example, calculate the doublet to doublet transition rates for e.g.
The rates are in the ratios 4 : 14 : 9 : 9 as represented in Fig. 2 [1,3 ]. This result can readily be calculated using the 6-j formula Eq. (9) and some standard orthogonality relations for the 6-j symbols. The corresponding calculation in the covariant approach involves considerably more labour. Also, the result "4 + 14 = 9 + 9" for doublet to doublet one-pion transitions is a general result which again can easily be derived using the 6-j approach [1] . 
which has to be evaluated between the ground state diquark spin wave functions. There 
The same result has been obtained by C.K.Chow by analyzing the large N C limit of QCD [7] .
For the current transitions from the bottom baryon ground states to the p-wave charm baryon states one similarly reduces the number of reduced form factors when invoking SU(2N f ) ⊗ O(3) symmetry in addition to HQS. For the transition into the Kmultiplet one has a reduction from five HQS reduced form factors to two constituent quark model form factors whereas for transitions into the k-multiplet one can relate two HQS reduced form factors to one single spin-orbit form factor [5] . These are testable predictions in as much as the population of helicity states in the daughter baryon is fixed resulting in a characteristic decay pattern of its subsequent decay.
The one-pion and photon transitions can be treated in a similar manner. Again one finds a significant simplification of the HQS structure, i.e. the number of coupling factors is reduced from those listed in Eqs. (6) and (7) 
Asymmetry Parameters in Λ c → Λ s Transitions
Recently the ARGUS and CLEO collaborations have determined the asymmetry parameters in the semileptonic transition Λ c → Λ s e + ν e [10] and in the nonleptonic one-pion transition Λ c → Λ s + π + [11] . In both cases the measured asymmetry parameter α (or, equivalently, the polarization of the daughter baryon Λ s ) turns out to be rather close to −1. The question is whether these two results have a common theoretical explanation.
Since the literature contains some wrong statements on this issue I want to take the opportunity to clarify the situation.
To begin with let me remind you that there is a remarkable prediction of HQS for the heavy to light semileptonic transition Λ c → Λ s at zero momentum transfer q 2 = 0.
The Λ s is predicted to emerge with 100% negative polarization at this point [12] . Within error bars this is borne out by experiment [10] . All what is needed in this prediction of HQS is a heavy Λ c while the Λ s can be taken to be light.
Let me assume for the moment that the nonleptonic decay Λ c → Λ s + π + is dominated by the so-called factorizable contribution (diagrams I in Fig.3 ). If this were the case the asymmetries in the two decays would in fact become related. Let me, however, hasten to add beforehand that the nonleptonic charm baryon decays are not dominated by the factorizable diagram as we shall presently see. Returning to the factorizable contribution in Fig.3 one might wonder why there would be a relation at all between two different components of the weak c → s current: the nonleptonic one-pion decay tests the scalar current component whereas in the semileptonic transition one is testing the longitudinal current component. A priori these two components are not related except at the point q 2 = 0. This can be seen by projecting the relevant current components using the appropiate polarization four-vectors. For these one has longitudinal:
where one should keep in mind that the transverse pieces of the vector current transitions decouple at q 2 = 0. From Eq. (13) it is evident that ǫ µ (0) = ǫ µ (s) at q 2 = 0 where | q| = q 0 and thus the scalar and longitudinal components become related at this point. The pion point q 2 = m 2 π is so close to q 2 = 0 that the extrapolation to q 2 = 0 is perfectly save.
With what has been said up to now it is then very tempting to (erraneously!) invoke a common theoretical Heavy Quark Symmetry origin for the near equality of the above two asymmetries.
As concerns the mesonic sector one knows that the one-pion transitions and semileptonic transitions close to q 2 = 0 are in fact related. However, nonleptonic baryon decays are quite different from nonleptonic mesonic decays in that there are more contributing diagrams in the baryon case. In addition to the factorizing diagrams I in Fig.3 there are the nonfactorizing diagrams II a,b and III in Fig.3 . That the nonfactorizing diagrams cannot be neglected in charm baryon decays can be surmized from the fact that some of the observed nonleptonic charm baryon decays can only proceed via the nonfactorizing diagrams. As a sample decay take the decay Λ c → Ξ 0 +K + which proceeds through diagrams II a and III and yet has a sizeable experimental branching fraction. From all what has been said one must conclude that the observation of a near maximal negative polarization in the decay Λ c → Λ s + π does not have a simple explanation but must be considered to be a dynamic accident resulting from the interplay of a number of contributing diagrams.
Some Selected Remarks on Exclusive Nonleptonic Bottom Baryon Decays
At the Brüssel '95 EPS meeting the ALEPH [13] and DELPHI [14] collaborations presented preliminary evidence for the nonleptonic decay Λ b → Λ c + π − . Projecting into the future one can imagine that, given enough statistics, the full decay chain
can eventually be reconstructed. The angular decay distribution in the decay chain can be seen to be given by [15] W (θ 2 , θ 3 ) = 1 + α 1 α 2 cos θ 2 + α 3 (α 2 + α 1 cos θ 2 ) cos θ 3
where α 1 , α 2 and α 3 are the asymmetry parameters in the decays Λ b → Λ c + π − , Λ c → Λ s +π + and Λ s → p+π − , respectively. The polar angles θ 2 and θ 3 are defined through the momenta of the Λ s in the Λ c rest frame, and the proton in the Λ s rest frame,respectively.
If one integrates over cos θ 3 one arrives at the the angular decay distribution
Since α 2 has been measured (α 2 = −0.89 A related problem is that the energy released in the decays is so large that one is far away from the region where the ground state baryons can be used for the pole dominance approximation. Nevertheless this approach has been applied with reasonable success to the c → s decays but certainly should not be used for bottom baryon decays.
One can then ask oneself whether there is any reason to believe that in bottom baryon decays the nonfactorizing contributions are suppressed. In such a case one could then hope to have a theoretical handle on nonleptonic bottom baryon decays. Turning be seen to be helicity suppressed [16] . Second, in diagrams II a and III one needs to create an energetic light quark-antiquark pair from the vacuum. Since there is a considerable amount of energy released e.g. in the decay Λ b → Λ c + π − both suppression mechanisms should be quite effective. For example, from the remaining factorizing contribution one would then predict that the asymmetry parameter α 1 in the decay Λ b → Λ c + π − is maximally negative following the HQS arguments presented in Sec.6. Needless to say that it would be highly desirable to put these qualitative arguments on a more quantitative basis.
Concluding Remarks
In this review we have limited our attention to the exclusive decay modes of heavy baryons. 
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